SUMMARY
muscle. Rothberger contended, therefore, that it was not permissible to draw any conclusions about the course of a 'mother' wave from deflections which are due to the whole of the auricular musculature." Scherf4 recently restated this reasonable objection.
Anotber recent review also noted the probable error of the "'mother wave' in any narrow pathway" concept, regarded this as irrelevant to the main problem of circus movement, and rather vaguely suggested "that relatively large atrial masses are activated in sequence during flutter as if from a leading excitation wave, the central portion of which may occupy a relatively narrow path including specialized tissues near the venae cavae."5 In response, one of us (G.R.S.) suggested that the entrapped wave of flutter could travel about a central obstacle as if following a family of involutes of that obstacle, thus independently considering an earlier but ignored concept of Wiener and Rosenblueth. 6 The purpose of this study is We assume that when a point on the surface of a muscle sheet is stimulated, a wave of response travels out from that point at a velocity, C, uniformly in all directions. If the first point, P, is stimulated at time to, then at a slightly later time, t1, there will exist a wave front which has the form of a circle of radius C ( -to ), provided there are no obstacles to propagation within this circle. The upper circle of figure 1 is such a wave front. Any point, P1, within the circle of radius C (t1-to) will have been stimulated at an instant prior to t1.
Next, let two points, P and P2, be stimulated at time to. From each, a wave will travel outward as before. However, any point such as P3, which would have been stimulated at time t1 had P alone been stimulated at to, will respond prior to t1 as a consequence of propagation from P2. It is assumed that there is a characteristic refractory period for the muscle such that P3 cannot respond a second time by propagation from P.
Therefore, at time t1 the wave front will not consist of two complete circles, but only of that part which is the locus of points on the circles, no point lying within either circle.
Next consider a wave front, XW, in figure 2.
Relying on Huygens' principle, we may think of each point on the wave front or locus of points stimulated at time to as a source of a spreading wave, which at time t1 has the form of a circle of radius C(t1 -to). It is clear that except at singular points like the endpoints of the wave W, if any, the locus of points stimulated at time t1 is the envelope of the family of circles of this radius, drawn with all the points on W as centers.
Several geometric properties of curves constructed by Huygens' procedure are of interest:
First, we note that the new wave front is parallel to the old one, in the sense that they are everywhere equally spaced. That is, for any given point on one front, the least distance to points on the other is equal to C(t, -to).
Next, if a line is drawn peipendicularly to one wave front, it is also perpendicular to the other. Such lines may be thought of as "rays" along which the wave motion is being propagated at constant velocity.
We have thus far considered wave propagation in a surface without obstacles. Now we turn to the application of Huygens' construction to the case of propagation in the neighborhood of an obstacle, such as 0 in figure 3 . Muscle wave propagation is simpler, here, than light or sound wave propagation is, since waves of the former which impinge on an obstacle are destroyed without reflection because of the refractory state found in muscle cells. As wave front W in figure   3 touches obstacle 0, at time t1, say, those points along the new wave front, W1, that are in contact with the obstacle do not act as sources and can be ignored in the construction of further fronts.
Points on W1 that lie beyond the obstacle, however, are sources for further wave propagation. In particular, those near the edge of the obstacle do emit spreading waves, portions of which are thus propagated around the edge of the obstacle. If we define the distance of any point on W2 from front W as the length of that path starting at the given point on W and reaching wave front W3 without crossing the obstacle, and select that path for which the length is least, shown as curve I1 in figure 4 . All points on curve 11 are at the distance C (t1 -to) from point P, in the sense defined above. Similarly, at time t2 the wave front has the form shown as curve 12, and at time t3 it is at I3, and so on. Curves con- structed according to the relation satisfied by I1, I2, I3, and 14 are called "involutes" of the curve described by the obstacle in figure 4. Involutes for an obstacle of arbitrary shape, such as that in figure 4 , may be drawn physically by attaching a thread at point P, and scribing curves I1, etc., with various lengths of thread. The thread length for curve I', for example, is C (t2 -tO), and in the process of construction is wrapped around the periphery of the obstacle. It will be noted that at each position of the thread during the unwrapping process, the thread lies along the shortest path or geodesic between its ends. This path therefore lies along a "ray" for the wave motion. In the case of the waves emitted from a point near the obstacle (fig. 4) , the rays are tangent to the periphery of the obstacle. Involutes representing successive wave fronts may be calculated for, say, an elliptic obstacle by calculating first the time required for the wave to pass along that periphery, or equivalently, the distance for such passage, and then marking off equally spaced wave fronts along the tangents to the peripheral points. Involutes for pulses at 0.02-sec intervals have been calculated with the help of the Dartmouth Computer, and used as the basis for the accompanying graphic representation of waves in the atrium.
It should be noted that waves in the heart take place in a surface that is not plane, and in fact cannot be drawn on a plane without distortion of distance relations. Furthermore, it appears that the wave velocity may be variable rather than uniform over the atrial surfaces. Finally 
Discussion
The determination of activation times is sometimes relatively inexact, and there may have been even larger errors in locating their sites and in transferring these from a threedimensional tissue to a plane surface. Furthermore, the actual velocities of wave fronts are unknown and may be quite variable; in particular, velocity often seems greater in the left atrium although such estimates should be regarded with reservations.5 8, 10 Our inability to assign times to the involutes in the one human case ( fig. 9 ) may be related to local variations in wave-front velocity. Despite such difficulties, it appears that the curves for families of involutes agree with the reported determinations remarkably well and represent wave fronts with fewer discrepancies than those which exist between the data and the central-centrifugal wave concept.
Circulation, Volume XXXVII, January 1968 Some of the findings are particularly noteworthy. Synchronous excitation of the two atrial appendages in counterclockwise flutter discussed elsewhere5' 10 is nicely accounted for by the wave fronts when these are regarded as involutes ( fig. 7 ). Central and peripheral sites of nearly simultaneous activation often fall within the area bounded by two adjacent involutes (figs. 9, 10, 12, and 13). A number of the centrifugal arrows, especially in the right atrium, drawn by earlier workers (that is, figs. 11 and 13) are nearly perpendicular to the wave fronts as indicated by involutes of the arbitrary obstacle; thus, they are equivalent to rays (see figs. 2 to 4) .
For brevity, we have omitted the data from certain sources mentioned earlier. Huygens' principle appears to afford a satisfactory physiological basis for believing that excitation in atrial flutter, shown elsewhere to behave as an entrapped circuit wave,5 proceeds about a central obstacle in such a way as to permit the representation of successive wave fronts by a family of involutes of that obstacle. In contrast, there is no apparent physiological basis for the mother-daughter wave concept.
